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Nonadiabatic effects in a self-consistent Hartree model for electrons under an ac electric field -
in multiple quantum wells
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By deriving a dynamical differential equation for the electron distribution function in the presence of a
nonadiabatic sequential-tunneling current under an ac electric field through a multiple-quantum-well system,
the self-consistent Hartree model is generalized for the calculation of electronic states with the inclusion of
nonadiabatic effects (dependence on the time derivative of the applied ac electric field) in quantum wells. The
influences of different doping profiles, temperatures, and amplitudes of an applied ac electric field 'op the
electron distribution function and sequential tunneling are studied. This work provides a fully quantum-
mechanical explanation to the previously proposed current-surge model to a leading-order approximation.
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L INTRODUCTION

Recently, transmnt transport propemes of sermconductor
quantum wells,!~3 superlattices* and quantum dots® have
been a subject of interest. Various nonlinear properties hav-
ing their origin in the Coulomb interaction have attracted a
great deal of attention.>~!° Self-sustained current oscilla-
tions and multistability have been predicted in tunneling cur-
rents through doped semiconductor superlattices and mul-
tiple quantum wells (MQW?’s).” They are attributed to the
dynamics of domain walls separating the electric-field do-
mains. In addition, oscillations in the sequential-tunneling
current have been predicted in MQW’s, even in the absence
of electric-field domains due to nonadiabatic effects.’® The
nonadiabatic effects discussed in this paper are associated
with the fact that a transient conduction current depends not

only on an electric field but also on its time derivative due to -

quantum-well capacitive coupling. The quantum-well capaci-
tance is of the order of picofarads. However, the resistance of
the MQW sample with a thick barrier between the wells used
in this study is of the order of teraohms due to the extremely
small sequential-tunneling current. As a result, the nonadia-
batic effect occurs on a time scale of seconds, which makes
electron tunneling depend on the time derivative of the ap-
plied electric field in addition to the field itself for low ac
frequencies of the order of a few hertz.!1+12 _
In this paper, we consider the sequential-tunneling trans-
port of electrons in an MQW system in the presence of an
applied ac electric field. We assume that the lattice tempera-
ture is kept constant and the electrons are in thermal ethb-
rium with the lattice, so that the electron temperature is the
same as that of the lattice. The sequential tunneling of elec-
trons (of the order of nanoseconds) through a thick barrier
between adjacent quantum wells in an MQW system is a
very slow process as compared to the coherent tunneling of
_elect:ons (of the order of sub-picoseconds) through a thin
barrier in a superlattice system. However, electrons during
the sequential-tunneling process still “see”” an instantaneous
electric field because of 7;<2 /() for low ac frequency O
(of the order of a few hertz) with 7, being the sequential-
tunneling time (of the order of nanoseconds).

0163-1829/0/67(24)/245306(10)/$20.00

PACS Mber(s): 73.40.Gk, 73.21.Fg, 73.40Kp

Adiabatic electrons in an MQW system with an applied ac
electric field stay in the equilibrium states with a constant
Fermi level, since 7,<7,, with 7, being the energy-
relaxation time due to the very-long sequential-tunneling
time within which an equilibrium state can be established by -
the much faster inelastic scattering of electrons inside the
quantum well. However, the electron density can vary with
time if the electrons in the quantum well stay in the nona-
diabatic state.!®!3!4 For the nonadiabatic state, the nonadia-
batic effects cause the Fermi level in the “equilibrium? state
to shake with time under an ac electric field. As a result, a
charge-density fluctuation in the quantum well will modify
the Hartree potential in the surrounding barrier region, and
thus greatly affect the sequential tunneling of electrons
through the barrier. Simultaneously, the charge-density fluc-
tuation also modifies the electronic states in the quantum
well within the self-consistent Hartree model.'” }

For the quantum-well sample considered in this study, the
second-subband edge is 83.4 meV above the first-subband .
edge (see Table I), while the Fermi level is only 14.2 meV
above the first-subband edge (see Table II). As a result, the
second subband is completely unpopulated at temperatures
below 40 K. Therefore, we have neglected the tunneling
contribution from the unpopulated second subband. The
well-known negative differential conductance (NDC) phe-
nomenon can be seen if the second subband in the quantum

_ well is brought into consideration for electron tunneling. For

the multisubband case, the NDC occurs at a field strength
where the first-subband edge in the preceding well is aligned
with the second-subband edge in the next tilted well (there is
a very narrow spectral density for both quantum wells be-

TABLE L. Parameters of GaAs/Al Ga,_,As MQW sample used
for numerical calculations with well depth V,, well width Ly,
barrier thickness Lg, electron density n,p, well (barrier) relative
dielectric constant ey, (eg), and well (barrier) electron effective
mass my (mpg) with m, being the free-electron mass.

Vo Lw Lg n3p ' my  mg
@meV) (A (A (10Mem™) e & (m) (m)

331 80 300 4.0 120 112 0.067 0.092

= 20050201 018
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TABLE 11 Calculated parameters of GaAs/AlGa, _ . As MQW
sample used for numerical calculations, including average electron
effective mass m* with m, being the free-electron mass, zero-field
ground-subband edge E ﬁo) , second-subband edge E§°> , and chemi~
cal potential #o(7ap,T) measured from EEO) .

B (mev)
127.9 C 142

m* (m,) EQ (meV)

0.07 T 45

Mo (meV)

cause of the very thick barrier between them). On the other
hand, the NDC phenomenon also occurs in quantum wellg
‘with a single subband. This is due to a lesser overlap be-
tween the quantum-well quasiparticle spectral functions
(whose width depends not only on the interwell coupling but
also on the disorder self-energy) as the applied electric field
increases when the Fermi energy is not too far from the top
of the barrier. For the sample with barrier thickness Ly
=300 A considered in this paper, the required field strength
for the multisubband NDC phenomenon is 27:8 kV/em.

However, the maximum field strength employed in this study -

is only 1 kV/em. Consequently, we have only included the
first subband and neglected the NDC effect in our model
where the Fermi energy is well below the top of the barrier.
Moreover, the field-domain effect in an MQW system is ex-
pected to be very small under low electric fields for coherent-
tunneling cases or below 40 K for sequential-tunneling cases
and is neglected in this paper since it becomes significant
only for a large-tunneling current. The thick-barrier-layer
sample used in this stady is to limit the dark sequential-
tunneling current to an extremely low amount, which ensures
a very high detectivity for quantum-well infrared photodetec-
tors operating at a low-temperature and/or a low-photon
background.'® When the sequential tunneling is low, the im-
purity or defect channels within the barrier would play a
role.!”. However, this only modifies the resistance of the
sample for sequential tumneling of electrons. The nonadia-
batic effects discussed in this paper for electron tunneling
remain the same. The usual self-consistent Hartree model is
based on the known equilibrium (Fermi-Dirac) distribution
. function of electrons, which can be applied to find electron
wave functions and energy levels simultaneously in quantum
" wells. The main result of this paper is the derivation of a
dynamical differential equation for nonadiabatic electrons
under an ac electric field in quantum wells which is then
used to find the electron distribution function. This dynami-
cal equation can be coupled to the self-consistent Hartree
model to solve for electron wave functions, energy levels,
and nonadiabatic distributions at the same-timeé.
The paper is organized as follows. In Sec. II, we introduce
a shifted Fermi-Dirac model'® for local fluctuations of elec-
tron kinetic energy-and charge density in the quantum well.

Section III is used to establish a unified theory for both co-

herent and sequential tunneling of electrons in quantum-well
" and superlattice systems. The previous current-surge model
is briefly reviewed in Sec. IV. Section V is devoted to the
derivation of a differential equation based on the self-
consistent Hartree model with the inclusion of nonadiabatic
effects on the electron distribution function, and to the estab-
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lishment of the connection between the current quantum
theory and the previous current-surge model. Numerical re-
sults and discussions are given in Sec. VI for the changes of
current, drift velocity, and density as a function of time. The
electron distribution functions at different times for various
temperatures, amplitudes of ac electric field, and doping pro-
files are also shown and compared. The paper is concluded in

Sec. VII with some remarks.

II. SHIFTED FERMI-DIRAC MODEL

By using a shifted Fermi-Dirac model,!® the nonequilib-
rium electron distribution function can be written as

SR = (Epera+AEY, | (1

where /%(Ey) is the Fermi function and is given by

@

—_ -1
f’;‘°(Ek)=[lfexp E) /J'o("zn,T)” .

kT

. Here, E} is the electron kinetic energy and T is the tempera-
. ture. po(n,yp,T) is the chemical potential of the equilibrium

electron gas relative to the edge of the ground subband in the

. quantum well and is determined by the electron density np

at 7. In Eq. (1), AE, represents the local fluctuation of elec-
tron kinetic energy for electron state |k). Using the accelera-
tion theorem for the momentum drift Ak introduced in Eq.
(1) under an applied electric field £(£), we obtain the fol-
lowing generalized Boltzmann’s equation associated with the
shifted Fermi-Dirac model in Eq. (1):

afo(k) e

af*(k) dAE, dfr*o(k)
ot _Egb(’)YkE’f 3E, & OE,
afro(k) ' _
. =%_Icoll, ] (3)

where E(t) = &4+ E,5in(Q) is the time-dependent electric
field with frequency () = 27/T,, time period T,, dc ampli-
tude &, and ac amplitude £,.. The term on the right-hand
side of Eq. (3) represents collision contributions. In the limit
of 7,<1 with 7, being the encrgy-relaxation time of elec-
trons in the quantum well, we have (dAE,/dt),=0; but
(dAK/dr),=eE(1)/h, where (- ++); defines a time average -
over -multiple periods of T,. In this case, only the
momentum-drift phenomenon occurs. On the other hand, we
find (dAk/dt),=0 in the timit of Q7,5 1, with 7, being the
momenturn-relaxation time of electrons in the quantum well.

. Under this condition, only the energy-drift phenomenon oc-

curs with (dAE £/dt),=o(Q)E2/4, where o(Q) is the ac
conductivity of electrons in the quantum well.1? :
For the shifted Fermi-Dirac model in Eq. (1), there exists

a local charge-density fluctnation for each electron state |k),
defined by
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d _d e ol — £
-d—té\pk(l‘)——z; T;I-_f §.9] fo (Ek)] .

e |dAE, [ EYALR
v\ [ B, |

5 @

where V is the volume of the samplé. The local charge-

density fluctuation is a result of the change of the electron
distribution in energy space with respect to the equilibrium
state even when n,p is a constant.

1. COHERENT- AND SEQUENTIAL-TUNNELING
MODELS -

For an'MQW systeni with thick-barrier layers, the adia-
batic sequential-tunneling current density flowing in the z
direction (growth direction and perpendicular to the

quantum-well layers) is found to be®

T4t =35 2 vETELEILED) ~ 4Byt eEily)],

G

where Ly is the thickness of the barrier between two adjacent
quantum wells, v} is the group velocity of quasibound- or

continuum-state electrons in the z direction, and 7[E;,&,] is

the quartum-mechanical transmission of electrons through

the biased barrier. If Q72>1, with 7, being the electron-

sequential-tunneling time, 7[E;,&)] has to be found by
solving a time-dependent Schrodinger equation. Otherwise,
T[Eg,&] can be calculated from a static Schrodinger equa-
tion at each time ¢ if ) 7,<1. We will be only interested in
the latter case with (7;<1 hereafter. ' \
In the limit of small barrier thickness and weak field, i.e.,
e&Lp<E;, Eq. (5) yields a coherent-tunneling current that
takes the same form as that .obtained using the regular Bolt-
zmann’s equation (dAE,/dt=0) under the relaxation-time

approximation:

JHo(f)= g]_e):ngk: (UZ)2TP[ - ﬂ(_EE)_]’

5E ©

where we have set T[Ey,&]=v%7,/Lg<1 for scattering-

limited miniband-state electrons at very low electric field
(with mean free path v}r, smaller than L), and 7, is the -

P
momentum-relaxation timé of electrons. Consequently, the

conductance that is proportional te J*0(¢)/&, becomes inde-
pendent of &, in this situation. )

If we replace f#0(Ey) to the leading-order approximation
By the equilibriu.m value ff; O(E) for faster electron energy
relaxation processes due to inelastic scattering of electrons as
compared to the electron sequential tunneling, and replace
the electron group velocity v by a drift velocity v[&,] (a
statistically averaged group velocity) of electrons in a bulk
material, Eq. (5) reduces to Levine’s sequential-tunneling
model?®
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2
JH[& 1= Vevdfgb]g T[Ek,fb][f3‘°(Ek)_

—fo " (Exte&ly)], M

where vy &]=(eT,/m* )'81, , the momentum-relaxation time
7, is given by

m*v,

sz'e\/£§+ 5%»’ ®

m* is the effective mass of electrons, v, is the electron satu-
ration velocity, and &, is the saturation electric field. In Eg.
(D), J“o[ &1/ ev [ &) can be equivalently viewed as a three-
dimensional tunneling-electron density that depends on &,,
T, and n,p . Obviously, the conductance that is proportional
to JH[E,]/ &, becomes dependent on &, in this situation.

Iv. CIjRRENT-SURGE MODEL

From now on, we limit ourselves to an electrical-quantum
limit where only the ground subband of the narrow quantum
well is occupied by electrons at low temperatures and low
electron densities. The electron kinetic energy of the ground
subband (measured from the edge) is given by E,

' =#%k%2m*. In the current-surge model,'®>!* we assume

that AE, is associated with the fluctuation of the chemical
potential of electrons in the quantum well (independent of
individual electron state), instead of the local fluctuation of
electron kinetic energy for each electron state. By writing
AEy=—-Ap=pg(nap,T)~ u(f) for the global chemical-
potential fluctuation, where w(#) and p1g(n,p,T) are, respec-
tively, the transient chemical potential for electron density
ne(t) and that for an equilibrium electron gas in quantum
wells, we get :

& o amdr ©)

We further introduce a spatially averaged'-space—charge field
Eqa() which is defined by!%!314 .

AEy=el,(f)Ly, : (10)

where £,,(¢) measures the reduction of the electron chemical
potential in quantum wells. If we use Levine’s sequential-
tunneling model in Eq. (7), we find the change in the current

 density due to the existence of this space-charge field £,,(¢),

ATu(t) =T o g+ £,]-TM&), (1)
where J#0[ £,] has been given in Eq. (7). In Eq. (11), the first
term cari be viewed as an equivalent capture current flowing
into the quantum well, while the second term can be re-
garded as a sequential-tunneling current flowing out of the
quanturn well. '

For a quantum well, the electron density will be constant
if the conduction currents flowing in and out of the well are
equal. The variation of the charge density in the well is cre-
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ated by an imbalance in conduction currents. The charge-

current conservation law for density fluctuation Sp(f) re-
quires

d_ d
va;ap(r>=v5§ Spi()=AATL(D),  (12)

where A is the cross-sectional area of the MQW sample. The
left-hand side of Eq. (12) represents the charge increase in-
side the well, while the right-hand side of the equation stands
for the net increase in charges due to a nonadiabatic change
in the current flowing into the quantum well. Combining

Egs. (4), (9), (10), and (12), we finally arrive at the following )

equation derived previously as the current-surge model:! -

d : d
LpCow-Ema(t) =LpCow—7Ex(t) — AJT(),  (13)
dt dt

where the quantum-well capacitance per unit area is Cow
=(m*e*/nh*)f3°(0). Here, we have employed in Eq. (13)
the fact that (du/dn.)(dn./dt)=eLy[dEy(£)/dt] for the ca-
pacitance coupling of the quantum well to an external ac
electric field."%'*!* The fast inelastic scattering in quantum
wells ensures that electrons are in an “equilibrium” state.
However, Eq. (13) causes a shaking Fermi level for the equi-
librium state on a macroscopic time scale.

i’. NONADIABATIC EFFECTS IN A SELF-CONSISTENT
HARTREE MODEL

As mentioned in the Introduction, electrons in quantum
wells see only the instantaneous ac electric field during their
sequential-tunneling process if Q7,<1. In this case, the
ground-state electron wave function ¢,(z,?) inside the quan-
tum well within the self-consistent Hartree model is deter-
tnined by*!

w2 d 1 d .
-5 E}-EZ— —e&y(t)z+ Uqw(z)

+VH(IZJ)}¢1(ZJ)=E1(f)¢1(ZJ), (14)

where E;(¢) is the time-dependent ground-subband edge, the

electron effective mass m™*(z) takes my in the well and myg
in the barrier, and Uqy(z) is zero inside the well but 7
outside the well. For the adiabatic state, we have wu(f)
= uo(nap,T), otherwise Sp(¥)#0 for the cases with nona-
diabatic effects. The Hartree potential Vy(z,7) in Eq. (14)
can be found from the Poisson equation

d d \ &2
22|40 Vet |= S IVo@) =], ()

where donors are assumed completely ionized, and the rela-
tive dielectric constant €(z) takes ey in the well and eg in
the barrier. Np(z) in Eq. (15) is the static profile of donor

o
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doping for the single quantum well, n(z,?)
=|¢1(z,£)|*n(t) is the density function, and
Sp(¢)L St
ne(t)=n2D+ p(®) w=n2D+p2D‘j0 dESf(E,t),
(16)

where pop={(my/wh?) is the density of states for two-
dimensional electrons in the quantum well and §f(E,?) rep-
resents the local fluctuation of the electron. distribution func-
tion in energy space. Here, the number of electrons in the
quantum well is not a constant due to the nonadiabatic cur-

- rent flowing. Moreover, we find from Egs. (4), (9), and (16)

that

d ' o g
Ly 50(t)=epap fo dE < 5f(E.1)

2 d e ?f§°(E5
oo gilo) [ ar| - ).
an

Applying Eq. (12) and using Egs. (11) and (17), we find the
following integral equation for 6f(E,f) by using Levine’s
model in Eq. (7)

. +wd a s S d&(t)
epop b E; f(E,t)+e BPzD_—dt
e I E)| (e
X f dE[— 0 —(—p—zg){vd[sbw Su L 8/
Jo oE L

X J‘+deT[E+E1 o3 VEILA(E) + S(E, £)
5 /

~feE+eELy)~ Sf(E+eE Ly 1]

+(ePzD)vd[£b] f deT[ E+EQD &, VD2 (E)
Ly 0 , ‘
"'fgo(E'l— e&,Lp)]=0. (18

In Bq: (18), Vy(z,?) and E,(#) are written simply as Vy and
E1. The adiabatic quantities V{{)(z,#) and E{®(£) can be
obtained by simply setting Sp(#)=0, in Eq. (15) and
VH(z,t)=Vg’)(z,t) in Eq. (14). Moreover, the fluctuation of
the drift velocity v 8f] introduced in Eq. (18) is calcu-
lated to be ) :

. fo 2F
5vd[5ﬁ=—(§%”0 dE&f(E,t)\/m—W-. (19)

Finally, Eq. (18) leads us to the dynamical differential equa-
tion for 8f(E,1), : .
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O o . d&(f) I (E) 1
E f( :t)_e B dt JOFE L‘W

X{od &)+ bv S NVTE+E,, &, Vel F29E)
+Of(E. 1)~ foUE+e&,Lp)— 8f(E+e& Ly 1)]

1 .
+ I A EITIE+ED, & VRIS (E)

~foAE+eELy)]=0, o)

where the initial condition is chosen to be 5f(E,1)=0 att
=0 if the ac electric field is applied to the system after ¢
=0. Jf(E,?) has a lower bound that is set by the condition
Sof(E,1) +f’:°(E) =0.

For small A, the first term in Eq. (20) can be approxi-
mated to the leading order by :
JApu

ot

JE

Similarly, a part of the third term in Eq. (20) can be approxi-
mated as

(21)

E . 8]}‘,‘°(E)}
5 5f(E,t) =~

TIE+E1,&; VEllfLE) + 6(E,7)
[ (E+ebilp)— 8f(E+e&Ly,1)]
~TIE+ED, &V +(8VP1 8nyp) pyph ]

X[fa0F M E) = o A g e g L],

where (8VE nyp) = (e*2€eeqgr) and gz
= (e?/2€y€w) pyp in the Thomas-Fermi mode] 2! By recalling
Ap=—e&u(f)Ly, Eq. (20) results in the current-surge
model in Eq. (13), where

|

where £’ = (A/R)2my(E+e&(f)Ly). From the solution of
Eq. (24) we find the quantum-mechanical transmission of

electrons from
'E e f LB A

where [S|?>=[|a]*+|b[*+2Re(ab*)]/4. The solution of Eq.
{24) ensures that the transmission coefficient in Eq. (26) de-
pends on the barrier thickness and height in an exponéntial
way. Here, the two complex numbers a and b are defined by .
the starting boundary condition of Eq. (24)

(22)

¢NB+1(t)

(1) }=[{1Qili'é(l/zEd)[E+El(i)—

1

TIE+E,,&;Va]= 5
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OfUE)
6E

> .

Cow=¢’p2p fo dE [ -

€pPsp
Ly

X[fEUE)~fo X E+ebLy)),

TIE+ED 6V~ Lol p]~T[E+ED £+ £, v,
and  vy[&]+ S Sfl~vi &+ €] if we  set
~Ly/(vp/2) with vg being the electron group velocity ‘at th
Fermi level. The space-chdrge field £,(¢) introduced by
Ap=—e&, (t)Ly can be calculated from '

Jﬂo[ gb] =

+oc
)Ud[gb] fo dET(E+ED & ;v

T,

p
e

1) [+=

which becomes positive if Sp(7) <0.
The quantum-mechanical transmission coefficient 7~ [E

- +E,&; V] used to evaluate the tinneling current in Eq.

(7) can be found from the following backward iteration® at
each time ¢ -

) . 1 .
¢j_,(t)=[2+ E—d[Uj?—eeb(t)(f—l)AJer.‘(r-)—E |

—El(t)]'} /()= ¢y (1) (24

for 1Sj<Np, where ¢,(0)=¢,(z;,1), VHO=Vy(z, 1),
Eg=h*2mpA®, A=Ly/Ny and Ny is the number of slabs
(thickness A) within the barrier layer. Here, ~Uf=‘0 for j
=0 and j=Ng+1. Otherwise, Uy = ¥,. The ending bound-
ary condition of Eq. (24) produces '

exp(iNgk') ' B
Ui BN~ Vi, (O byn ()] 23)
- ;

[a]_ é1(8)

Ll= , @n

= (112F) ($2(£) — (1))
with k= (A/A) V2ZmpE. '

VI. NUMERICAL RESULTS AND DISCUSSION

We choose a GaAs/Al,Ga;_ As MQW sample for nu-
merical calculations. Some sample paramneters can be found
in Tables I and IL Other parameters include &
=0.05 kV/em, v,=2X10% cm/sec, £=2 kV/cm, and T,
=4 sec: Different doping profiles have been considered, in-
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FIG. 1. Calculated time dependence of electron sequential-

tunneling currents J(¢) = A[J#[ £ ]+ AJ,(£)] (left scale) for nona-

diabatic [AJ,(r)#0, solid curve] and adiabatic [AJ(¥)=0, "

dashed curve], and an applied ac electric field £,(¢) (right scale) for
T=40 K and £,.=1 kV/ecm with uniform doping inside GaAs
quantum wells. .

cluding uniform well doping, center & doping, and edge &
doping. The temperature T and the amplitude of the ac elec-
tric field, &,, will be given in the figure captions.

Figure 1 presents the calculated nonadiabatic electron
sequential-tunneling current [y (f) =[J*[&,]+ AT ()] A
(s0lid curve) and the adiabatic sequential-tunneling current

I(f)=J"[&,) A (dashed curve) as a function of time ¢ (left
- scale) for the MQW sample at T=40 K, £,,=1 kV/cm, and
with uniform doping inside the GaAs quantum wells. For
comparison, the applied ac electric field £(¢) (right scale) is
also plotted in the same figure. When &,(#) approaches its
maximum (i.e., =1 sec), we find a small enhancement in
I,.,(¢) with respect to I,(7) and the saturation of I;,(#) due to
the large reduction in electron density inside the quantum
wells. On the other hand, we find a large enhancement in
Ia(%) due to the large increase of eleciron density inside the
quantum wells when £,(#) approaches its minimum (i.e., ¢

12 — E—— 12

Uniform Doping
T=40 K
e =1kV/cm Jdos

0.6

0.0 0.0

(kvV/cem)

Euall)

t (sec)
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=3 sec). These features are a result of the induced space-
charge field £,(%). '

The reduction .of electron .population around F£
= py(nyp,T) can be described by the space-charge field
Ena(?) defined in Bq. (23). We display £,,(¢) (solid curve, left
scale) in Fig. 2(a), along with £,(#) (dashed curve, right
scale) as functions of z for uniform doping. From the figure
we see that £,(f) and &(f) are nearly in phase with each
other, except for a slight phase shift. This is a direct result of
oscillations in the change of the charge density §p(?) in the
quantum well, as shown in Fig. 2(b), where both Sp(¢) (solid
curve, left scale) and v 4 5f] (dashed curve, right scale) are
plotted as functions of . Since £,,(#) describes the reduction
of charge density in the quantum well, we expect Sp(¢) to be
nearly out of phase with £,(¢) or £,(¢), as can be seen from
Figs. 2(a) and 2(b). The situations with Sp(£)<0 and
Sp(£)>0 indicate electrons moving out of and into the quan-
tom well, respectively. Moreover, dv4l f] will be in phase
with £,,(#) since it is proportional to — Sf(E,) that itself'is
proportional to £,(%).

Figure 3 displays the calculated adiabatic Hartree poten-
tial [in panel (a)] and the change of Hartree potential [in

panel (b)] in the nonadiabatic state from the Poisson equation

(15) as functions of position z for different doping profiles at -
t/T,=0.25, Here, T=40 K, £,,=1 kV/cm, and the quantum
well sits in the range of 300 A<z<380 A. From Fig. 3(a)
we find that the absolute value of the adiabatic Hartree po-
tential becomes smallest for the uniform-doping case. The
center & doping in the quantum well causes the conduction
band edge to bend down at the well center, while the edge &
doping makes the conduction band edge bend up there, as
shown in Fig. 3(a). With the total potential seen by the elec-

“trons being the sum of the adiabatic Hartree potential

V(If)(z,{) plus the change AVy(z,7) plus the quantum-well
potential Uqy(z), the out-of-phase nature of Figs. 3(a) and
3(b) will result in the band bending seen in Fig. 3(a) being
substantially suppressed by the nonadiabatic effects in Fig.

" 3(b). However, the nonadiabatic effects with edge & doping

produces two positive spikes [solid curve in Fig. 3(b)] at the

1.0 = T 73

T
ST (b)

2
05 -
(;\ 1 w
£ . P
K Uniform Doping §
%, 00 T=40 K ° o
Ao Y oeg=1kV/cm A Z

. 1
= Y ’ R
& 05| \ / 5
\\ 7 \—.‘u
- o178
S i
1.0 - 1 1 1 I 1 1 = l— ” 1 _3
00 05 10 15 20 25 30 35 40

t (sec)

FIG. 2. Time dependence of a calculated space-charge field £5,(2) (solid curve, I.Cﬁ scale) and an‘applied ac electric field &(#) (dashed -
curve, tight scale) in panel (a), as well as time depenfience of calculated charge-density fluctuation dp(t) (solid curve, left scale) and change
- of drift velocity v 4 5f] (dashed curve, right scale) in panel (b) for T=40 X and &,.=1 kV/cm with uniform doping inside quantum wells.
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FIG. 3. Calculated position dependence of adiabatic Hartree potentials Vg)(z,t) in: panel (a) and change of nonadiabatic Hartree

potentials AV(z,f) in panel (b) at /T,
curves), and uniform doping (dotted curves) in the quantum wéll.

edges of the quantum well and thus will reduce thé electron
sequential-tunneling current. . '

- Figure 4 indicates the effects of an ac electric-field
strength £, [in panel (a)] and temperature T [in panel (b)] on
the’ charge-density fluctuations Sp(¢) as a function oftina
uniformly doped quantum well. In Fig. 4(a) we find that
fluctuations &p(#) increase with &£,, at T=40 K, with the
negative peak (electrons removed. from the quantum well)
being saturated at £,,=5 KV/cm. In Fig. 4(b), as T increases
. 8p(?) is enhanced when it is negative (electrons removed
from the quantum well), but reduced when it is positive
(electrons added to the well) at £,,=1 kV/cm.

Figure 4 only shows us the global fiuctuation of the
charge density in the quantam well. In order to gain further
insight into the local change in the electron distribution func-

tion, we display Of(E,f) in Fig. 5 at ¢/7,=0.25 with uni- -
form doping for different values of £, [in panel (a)] and T.

8 - T — T ™
Uniform Doping (a)
| T=40K - AN,
L\‘IE Ar /,, \\\\ i
,Q . /’ \\
‘—o ,/ N
P . ,'
N 0 ’
E \\_\\___-_,’ Eac=1 kV/Cm |
------ e, =5 KkV/cm
-4 : —L L 1
0 1 2 3 4
't (sec)

»=0.25, with 7=40 K and £,.=1 kV/cm for edge & doping (solid curvés), center & doping (dashed

[in panel (b)]. From Fig. 5(b) it is clear that Sf(E,) always
shows a negative minimum at so(n,p,T), since it is propor-
tional to f(°(E)/JE. Because the Fermi surface broadens
with increasing T, we find from Fig. 5(b) that the negative
minimum is partially suppressed and broadened (solid curve)
when T=40 K as compared to that (dashed curve) at. T
=20 K. From Fig. 5(a) we find that the negative minimum is
enhanced when &, is increased. The cusp (dashed curve) in
Fig. 5(a) is a result of zero occupation of electrons in a
specific state with kinetic energy E in. the ground subband.
Figures 6(a) and 6(b) present nonadiabatic effects on the
Hartree potentials in the uniformly doped quantum well at
T=40 K and £,,=1 kV/cm. From Fig. 6(a) we find that the
positive peak in the adiabatic Hartree potential Vﬁ’)(z,t)
(dashed curve) at the center of the quantum well is greatly
suppressed by the nonadiabatic effects (solid curve) at #/ 7,
=0.25, leaving two positive spikes at the edges of the quan-

o—_—
- Uniform Doping /-~ (©),

o5l &=1KV/cm '

=

Q

o 00

— -05

=

N B . T=20K 1

1.0 . ' '

0 1 2 3 4

t (sec)

FIG. 4. Time dependence of calculated charge-density fluctuations 8p(z) in the uniformly doped quantum well . In panel (a), we set
T=40 K with £,,=1 kV/cm (solid curve) and £,,=5 kV/cm (dashed curve). In panel (b), we set £,,=1 kV/em with T=40 K (solid curve)

- and T=20 K (dashed curve).
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FIG. 5. Calculated change of nonadiabatic distribution functions

well. In panel (a), we set T=40 K with &,

tum well. Figure 6(b) shows the comparison between Hartree
potentials when the electrons in the quantum well are either
removed (#/T,=0.25, solid curve) or added (tT,=0.75,
dashed curve). We find from Fig. 6(b) that the two positive
spikes at the edges of the quantum well are suppressed, but
two negative spikes are generated when electrons are added
to the well.

Finally, we display in Fig. 7 f(E,f) at #/ T,=0.25 (dotted
curve) and 0.75 (dashed curve), as well as the equilibrium
distribution  fy°(E) (solid curve) in panel (a) and
log;oZna(#)] as a function of &y(7) in panel (b). From Fig.
7(a) we see f(E,t) resembles the equilibrium distribution

S5 (E) with a shaking Fermi level with time (shaking up at

#T,=0.75 and shaking down at #/ T,=0.25). Compared’
with the adiabatic electron sequential-tunneling current [thin
solid curve with AJ,(£)=0] in Fig. 7(b), the symmetry of
log, ol Zp,(£)| with respect to the positive (electrons being re-

0.8 . — r y —
/"% Uniform Doping
. ,' ‘\‘ t / TP=O .25
; 04l ',’ ! T=40 K )
0 ! e =1kV/em
= \ ac
T \, v
> —— Non-Steady-State [
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-0.4 e ‘
250 300 350 400 450
z (A)

0.1é T T ] T 13 M
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' T=40 K -----t/T.=0.75]
~ e_=1kV/cm P
S 008} ac . A -
0]
= 0.00
N
=" 4
| (b)
-0.08 i ' .
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© os SN ,"' Uniform Doping |
o N HT =025
. e =1kV/cm
. coae
06 - L L -
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E (meV)

Of(E,2) at ¢/ T;,,='0.25 for electrons in the uniformly doped quantum

=1kV/em K (solid curve) and £,=5 kV/em (dashed curve). In panel (b), we set Es
=1 kV/cm with T=40 K (solid curve) and T=20 K (dashed curve).

moved) and negative (electrons being added) extreme values
of &(?) 1s broken in the case with nonadiabatic effects (thick
solid curve). A small offset'*'>!* of log,,|I,..(£)] with respect

to &(£)=0 can be seen by comparing thick and thin solid _
curves. . : -

VII. CONCLUSIONS AND REMARKS

In conclusion, we have derived a dynamical differential
.equation for the nonadiabatic electron distribution function
with sequential-tunneling current flowing through an MQW
system. Using this equation, we generalized the self-
consistent Hartree model for the calctlation of the electronic
states with the inclusion of nonadiabatic effects in a quantum
well. We have also studied the effects of different doping
profiles, temperatures, and amplitudes of applied ac electric
field on the nonadiabatic electron sequential tunneting. Fi-

z (A)

FIG: 6. Calculated position dependence of Hartree potentials for nonadiabatic (solid curve) and adiabatic (dashed curve) in panel (a) at™

T=40K and £,,=1 kV/cm with uniform doping inside the quantum well, and nonadiabatic Hartree poten

1T, =0.25 (solid curve) and.#/T,=0.75 (dashed curve).

tials Vg(z,#) in panel (b) for
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FIG. 7. Calculated nonadiabatic electron distribution functions
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Non-Steady-State |
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17l
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J(E,®) in panél (a:) and logarithm of absolute value of nonadiabatic

sequential-tunneling current I,,(7) = A[J#o[ &+ AJ,(1)] as a function of an applied ac electric field &) in panel (b) for T=40 X and
€x,=1 kV/cm. In panel (a), we plot £ (E,1) at t/T,=0.25 (dotted curve) and 2/ T,=0.75 (dashed curve). The equilibrium electron distribution
function f: °%(E) (solid curve) is also shown for the comparison. In panel (b), the currents calculated from adiabatic {thin curve) and
nonadiabatic (thick curve) electron sequential tunneling are compared with each other, - :

nally, we have connected the present quantum-statistical
theory to the previously proposed current-surge model with a
leading-order approximation.

In this paper, only the self-consistent Hartree model is
employed. The exchange interaction between electrons and
the field-domain effect are expected to be very small®® at T
=40 K and £,:=1 kV/cm and have been neglected.

quires
T <7 <t<R,CowA, 27/Q,

where R,=(Lp/A)[dJ*[£,)/3E,]". is the differential tun-
neling resistance, depending on &, and T. Here, Q) 7,<1 ex-
cludes the energy-drift effect, leaving only the momenturn-

drift effect in the system. Further, Q7,<1 ensures that the |

electrons sée only an instantaneous ac electric field during
the sequential-tunneling process. Finally, t<R,CqwA en-

The time scale for observing the nonadiabatic effects re- -

JHLE,]A=10 pA, leading to 7,=10 ns and Q<10° Hz

sures the observation of the nonadiabatic effects inside the
quantum well. Assuming 7,=1 ps corresponds to a homoge-
neous energy-level broadening of 1 meV, leading to Q
<10" Hz from Q7,<1. Therefore, only a momentum drift
exists for low ac frequency Q~1 Hz. The tunneling time 7,
can be estimated from 7,~ e/[J#0[ £,].A]. For a superlattice,
we take JH[&]A=1 1A, leading to 7,=0.1 ps and Q
<10" Hz from Q7,<1. For an MQW system, we take
This justifies the calculation of the quantum-mechanical
transmission of electrons through a biased barrier using the
time-independent Schrodinger equation in an MQW system
with ~1 Hz. Difficulties in observing the nonadiabatic ef-
fects may come from the small quantum-well capacitance
CowA~10 pF in the requirement t<R,Cqw.A. For a super-
lattice, we take R,=10* ohm, and then £<10~7 sec is re-
quired (impossible to observe with (¥~ 1 Hz). For an MQW
system, on the other hand, we take R,=10" ohm, which
implies <1 sec (very easy to observe with Q~1 Hz).
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